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ABSTRACT

The problem of the energy loss of protons penetrating into
material has been attacked in the present work. Stopping power due
to the interaction of protons with the electrons of the medium is
discussed basicly not going beyond linear response theories. The
corresponding physical models, their limitations and possible
improvements are briefly summarized. Beside the classical models a
more recent model is presented, which allows the consideration of
impact parameter dependent electronic energy losses. Experimental
data have been compiled and compared to those obtained by theories
resulting in tables of low energy (below the Fermi energy)
stopping cross sections for elements ranging from lithium to

uranium as a function of energy.



Electronic Stopping Power of Proton in Elements
Jinos Ldszlé

Max Planck Institut fiir Plasmaphysik, 8046-Garching, Germany

on leave from TU Budapest, 1111-Hungary *

Introduction

The penetration of particles in solids is an area of science, whose importance has been
growing throughout the last some decades. Electronic device fabrication, ion beam tech-
niques, methods of surface analysis, extraterrestial investigations of electronics imply the
fundamental and universal theoretical description of related physical phenomena. Prob-
lems arising are usually classified according to the complexity of the applied physical model
as

- point charge penetrating into a solid described by an electron gas

- point charge penetrating into a solid described by an electron gas, including polariza-
tion of the medium,

- charge of finite volume penetrating into a solid described by an electron gas,

- charge of finite volume penetrating into a solid described by an electron gas, including
polarization of the medium and changes in the charge state of the projectile,

- charge of finite volume penetrating into a solid described by an electron gas and
atomic cores, including polarization of the medium, changes in the charge state of the
projectile and screened Coulomb scattering,

- those above including relativistic effects due to projectile velocity and/or inner shell
electron velocity.

The model applied for the electron gas itself can be as simple as a homogeneous

electron gas, or a jellium model, or can be sophisticated, as a solid state electron gas.

* This work was partially financed by the Alexander von Humboldt Foundation
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In other words, the physical reasons of the electronic damping are the following pro-
cesses, kinetic energy transfer from projectile electron to target electron, excitation or
ionization of the target atom (promotion of localized, bound electrons), excitation of con-
duction (unlocalized) electrons, excitation, ionization or electron capture of the projectile.

In this compilation electronic stopping powers of protons penetrating in solid media
as a function of the projectile energy are compared. Beside empirical stopping powers, also
the results of linear response theory are presented. The electronic stopping cross section

is defined as

g S LAk (1)

where M is the atomic density of the target, E the instantaneous energy of the moving
particle, dE/dr the electronic stopping power, which latter is a force like quantity that acts
against the motion of the projectile in the medium due to the target electron-projectile ion
interaction. All the way through this presentation ‘stopping’ will be used as an abbreviated
synonym for either ‘stopping cross section’ or ‘stopping power’. This slackness is widely
spread in the literature. Mathematical correctness is maintained by distinguishing between
physical units of dE/dr (€V/A) and S (107%° €V cm?/atom).

In the framework of dielectric theory dZ/dr is related to the integral of the imaginary
part of the reciprocal longitudinal dielectric function over energy. In the primary energy
regime below the Fermi energy of the target electrons, the slowly moving, fully stripped
and frozen point charge can be well approached by a static impurity picture, and therefore
linear response theory may give an adequate description of the interaction of the moving
projectile and the electron system of the target. In this report energies below 1 keV and
over 25 keV will not be discussed. Below 1 keV the energy loss and slowing down of an ion in
a solid is dominated by elastic scattering effects. Above 25 keV, the static impurity picture
and therefore the static dielectric description looses its validity. No relativistic corrections
and no finite-temperature effects are considered. Exclusively proton will be considered
as a projectile. Generalization of the results to heavier projectiles may be achieved via
either the effective charge theory, or the statistical electronic stopping model. The present
discussion does not go beyond linear response theory in details although, e.g., recent results
of density functional calculations will be studied as a basis for comparison. This restriction

i1s due to several reasons beyond volume limitations, and these will be discussed to some
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extent. Completeness, in this sense, has not even been aimed. Results of two models
elaborated by the author and his coworkers and of some further theories predicting a
velocity proportional electronic stopping will be compared in reasonable details. Neither
elastic (nuclear) nor inelastic (electronic) energy straggling is included in this study in
spite of their role in attracting the attention of physicists in the field. This is owing to the
fact that the calculation of energy straggling within the linear response theory lies on the
same fundaments as that of the energy loss. Some references from this aspect are [1:2].
The target range covers the periodic table, although some of the data may be accepted
with reservations only (see the Remarks to the Tables).

A natural continuation of a study on stopping powers would be a description of ranges
of particles into matter [3-6]. This is here also not presented simply due to volume limita-
tions.

Projectiles of higher atomic numbers (the statistical theory [7]) will not be discussed,
since the results obtained for protons can be extended — with limitations — to heavier
particles on the basis of the so called effective charge theory [8].

This 1s also the reason for not speaking about the oscillatory model [9,10].

In context here, another modern topic to be included would be the charge state of
ions at a solid surface or in a solid [11], which subject would also lead us too far, e.g., to
antiproton stopping (e.g., [12]).

Recent studies involve the effect of finite temperatures [13], the contribution of the
surface to the stopping [14], the vicinity effect for molecular impinging beams [15].

Wave packet theory for stopping shell by shell can be read in [16], while the boson
formalism was also applied for proton motion in an interactive electron gas [17]. Non-linear
screening plays another important but here neglected role in stopping calculations, e.g.,

[18).



Theory

In order to get a comprehensive view over the field the reader is referred to [4].

Fermi and Teller are considered as pioneers of the field of stopping theory [19]. Their
model applied for the electronic stopping of heavy intruders (negative mesons) at the high
electron density limit, which implies strong screening and therefore the exclusion of bound
states.

1) As the first consistent theory of the electronic stopping within the dielectric for-
malism (referred to as a random phase approximation — RPA) Lindhard et al. described
the slowing down of a point charge in a polarizable medium [20]. The strong temptation of
solving the problem within linear response theory relies on the fact, that once the dielectric
function of the medium is known, the induced potential (or screening) can be deduced.
Basic assumptions in their work (after [3]) were

- free electron gas,
- T =0 K temperature,
- fixed, uniform, positive background charges,
- constant initial density of the electron gas,
- penetration causes a small perturbation, only,
- non-relativistic velocities.
Starting from the Poisson equation, the change of the kinetic energy (W) per unit

time can be written in the form

1dW U =
———— —e— = 9
-t ©)

with 7 = ot distance, ¥ instantaneous velocity, E time and space dependent elec-
tric field, e electron charge. Using the above assumptions and Fourier transforming the

equation, we get

1dW e? w 1
vt By / R s B (3)

where w = i_c.ﬁ', k the wave vector, € the dielectric function. Making some further
assumptions the final result for the stopping power [21] (which was not published in great

details) can be expressed as



Sis = 807re2a0f(2)v£ (4a)
0
or in terms of energy
Sps =12.12f(Z)WE (4b)
with
A
H(2Z) =

(14 Z2/3)3/2

(for proton intruders here) in 10™!® eVem? /atom, if E is substituted in e€V. ag the
first Bohr radius (h*/(m.e?)) with m, electron mass, vy the first Bohr velocity (e?/h) and
Z the atomic number of the target.

2) Formulas fitted to experimental data usually follow the rule

Sezpt G Ac:prb"P‘ (5)

where A¢zpt and bezpt are the fitted parameters. Examples will be taken in the forth-
coming chapter. b.;p¢ = 0.5 has been experimentally justified in [22].
3) Oen and Robinson [23] assumed the following approximate form for the stopping

(=]

power "

C' Pmazx _cCr
Sor = SLS(E)Q] p*xe "E‘qdp (6a)
0

where C is the factor of the first exponential term in the screened Coulomb interac-
tion potential, a the screening length (ag or other), pma, the maximal impact parameter
(determined by the atomic density of the matter), ro the apsis of the trajectory. In the

limiting case, where E — o0, 1y — p and so
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So}z:SLs[l-*(;pm“-{-l)*e C (6b)
where the second term in the brackets is usually a small correction only.

4) The Andersen and Ziegler tables [5] as against those mentioned so far do not give

a velocity dependent electronic stopping above 10 keV. The power of energy has been

obtained by fitting curves to experimental data available in the whole energy range. For

the interval between 1 and 10 keV the authors suggest

S Al\/.g (Ta)
while for higher energies
SLSH
Saz = ——— 7b
iz = ot (1)
with
SL - .4.2E0'45
and
A A
Su = —Ei*ln(l + 'f+A5E)

The A, through Aj coeflicients are listed in their tables.
5) The model of Biersack et al. [24] has not been extended to all elements. The
authors also suggested to divide the stopping into low and high energy parts

818y
SpE = TN (8)

with



Sy = —
and

B 5
SH—E*ID(1+AE+*E

The parameters A, B and C are listed in their report.
6) The model of Montenegro et al. [25] does also not obviously result in a velocity
proportional electronic stopping, because they included an exponential term in their fitting

procedure. For such low energies in question

o = G 5_6'331*10_3‘/E (9)

is resulted.

7) The basis for the so called impact parameter dependent stopping model [26] is the
linear response theory. A simple model of the atom as proposed by Gertner et al. [27] has
been used. In their work the atom consists of a core and two concentric spherical shells.
The outer shell represents a free electron gas of constant density (cg), while the inner shell
is characterized by such a solid state electron gas, that the density is continuous at the
boundary (c; density correction). Out of the atomic volume the electron density is zero.

The following coupled equations determine cg, ¢; and the radius of the inner sphere (R)

%W(Ri — R%)cg = Ne gy (10a)

R
4
47r/0 rina(r)dr + gﬁrRsc; =27 — Nesg (100)

and



co = ¢ + nA(R) (100)

where R, is the muffin-tin radius of the atom (the radius of the outermost shell), Ny
the effective number of electrons participating in the volume plasmon excitation and n 4(r)

is the free atom electron density. The modified electron density has the form

co ifR<r<R, (11)
0 ifr> R,

na(r)+e¢ ifr<R
n(r) =
We shall come back to the question of the determination of the input parameters
(relying on N.sy) in the following chapter. The free-atom electron density has been taken
over from the model of Green et al. [28]. This is an independent particle approximation

with a radial electron density

N H=xet 2H * ef
)= e B 1
d°(HT +1) HT + 1

drrina(r

) (12)

with T = e* — 1, { = r/d and H = 1.05dN%*. N stands for the number of bound
electrons in the given atom, d is adjustable parameter. The absolute value of the radial

electric field is then obtained as

0, \ if r >R,
E(r) = { —# — imo(r = %) fR<r<R, (13)

z N Het :
= 1 %WC{T + ;:‘[(H;T_:l): + Hi'l’-i-l — 1] ifr<R

The potential the proton feels at a distance r from the target nucleus is then

Vir)=- -/R" E(r")dr' (14a)

The analytical potential of the free atom is then



VA N HT
Vir)=—(1- —————
(=20~ F 57 7T) (140)
while the screened potential corresponding to the Gertner atom model is

i~ :/R)(l - FHET) =
Vir) = —4meele (1~ 1.5R/R, +0.5R*/R3) ifr <R (14¢)

imcoRe(1-15r/R, +0.5r3/R}) ifR<r<R,

0 nr s K.

Being aware of the central symmetrical interaction potential between proton and
screened target nucleus and keeping in mind that the kinetic energy of the proton is much
bigger, than the electronic energy loss, we can determine the curved trajectory the proton
travels along. On the basis of classical two-body elastic scattering theory, supposing an

instantaneous velocity of ¢(7) at point 7 we obtain the trajectory equation as

Vir)

F(F)dr = vo[l — =

=~ (CrItdr (15)
r
where vy and Ej are the initial velocity and energy of the proton, resp. and p the
impact parameter. Regarding our previously mentioned belief in linear response theory,
we assume that the proton slowing down (damping) is due to a friction like, i.e., a velocity
proportional force. If this is the case, the infinitesimal energy loss along an infinitesimal

pathlength 1s

dE = —KC(F)5(F)dr (16)

where K = (4m?e*)/(3h%x) (with m, electron mass) is a constant, and C(7) must
be a proportionality factor characteristic of the target matter. The determination of C
can be based on either theory (e.g., on the basis of the dielectric theory, see below) or
on experiments (see later). For the atom model, we use the local density approximation
(LDA, first applied to stopping calculations in [29]) to find a relationship between the

so called density parameter and the spherically symmetrical electron density. The basic
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feature of LDA is that independent plasma volume elements build up the solid, and the
response of these volumes are averaged according to their distribution function. Further
assumptions involved are

- the electron density changes slowly with distance,

- the energy levels and transition strengths are those of a free electron gas.

In this approximation

K2(r) = [3n5n()] "3 (17)

A form of C(x?) going beyond the Lindhard result (by considering an interacting
electron gas) has been proposed [30] on the basis of Hubbard’s model for the dielectric

function of a degenerate electron gas (after [31])

Q

.—::1+1_QG

(18)

where @ is the complex Lindhard polarizability and G the complex local field correc-
tion describing dynamic exchange and short-range correlation effects due to the Coulomb
interaction of the electrons (analysed in [32]). Both quantities depend on frequency and

wave number. In general

1 —Q1+ Q7+ Q")

Im = 0@ - D CCE+ T +T G - 1)F

(19)

holds, where Q = Q' +:Q” and similarly G = G' +:G”. Consequently, the expression
for C is

Clk) = %_/; C(k?,2)zdz (20a)

& 21+ & (Q7 + Q%)
Ole's2) = /o w [22 — k2f1(G' = 1) + K2 ,G"]? + [k 1G” + k2 fo(G' — 1)]2

(20b)
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with the following notation z = k/2kp, kp the Fermi wave number.

0.125 —u+l ztu+l
e —{[l = (2~ 1 1 =
fi =05+ {[1=(z —u)? = n’ g + | :c+u 1n|:z:+u—1]} (20c)
and
0.57u fzt+u<l
£y = { 0125711 _ (7 — y)?] iflr—u<l<z4u (204d)
0 ifle —ul>1

where u = 0.27x22y/E. The complex polarizability can be expressed in terms of f;
and f;

3
Q:‘;g'(fl +1f2) (21)

The following formula has been proposed as a dynamic local field correction for the

complete energy range [33] (applied later in [34])

o " (v I(z) + G(2) + y[G(a) — I@)]) (224)

with y = 1.73uz/Vk? and

3,82 608 1429 2p* 7’ n] 4
EEV | iz, SRS b SO . NS p R
1i=) G5 "525 " 315 315 T ( 18 ol =7

9,2 4
R R b ; 1rx‘~—-—n+2'] (228)

n—2

with n = 2z. A static local field correction has been chosen according to the expected

boundary conditions
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z? if 'z <1
G(z) =« z?/3—4z/3+2 if1<z<2 (22¢)
2/3 ifz>2

Restricting our discussion to low energies and applying different approximations, we
can have the expressions for C from earlier theories as limits. E.g., in the small k limit

(small z = k/2kF) and using a first order expansion of f; (f; = 1) [35]

“2 . 1 1
C(x*) = 05[ln(1 + =) — 7=—] (23a)
which is a modification of the Fermi-Teller result [19] of
2 1
C(k*) x In— (23b)

K2

Expanding f to a second order (f; = 1 — x?/3), the result is

1 i (2R2+3) 3 — k?
(3 —K2%)? R 3 + 2x2

C(k?) = 4.5 ] (24)

If we take the complete f; function, we can come up with the result obtained by
Lindhard and Winther [20]. Rewriting and simplifying Eq.20a by taking only static local
field correction and neglecting second and higher order terms in Eq.19, we get the following

result for an interacting electron gas

1$3 K2 T 0 = z IQ
C(RI’) - -/0 {1 + fl( )[1 5 G( )/ ]}dI (25)

{z? — k2 f1(2)[G(z) - 1]}*

with

1 — 2 z+1
fi(z) =05+ ry *1n| ‘

r—1
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where G(z) is the static local field correction function. It may be worth mentioning
at this point that the different expansions of f; lead us to well known interaction poten-
tials. The first order expansion corresponds to a Yukawa type potential, the second order
expansion to what Lindhard and Winther have proposed [20], the expansion in the high-k
limit to what Bonch-Bruevich and Glasko suggested [36].

It must be added to this short review that the derivation of a proper local field cor-
rection requires many-body techniques [32,37], and goes beyond the present topic. Strictly
speaking G depends on the target material, i.e., on r, [38]. Both exchange and correlation
must be considered for the derivation of the local field correction in order to make the very
sensitive function smooth at k = 2kp, as it should be on physical considerations (discussed
in [39]).

Another possibility is also given to find C(x?). In the frame of the Landau theory of
Fermi liquids [40] (idea after [41]), we can get

14+ F}/3
C(x%) = . +— - 26
() = gy a1+ 23)~ 3 (20)
where the modified density parameter is
2 K’

T AR+ F/3)

The coeflicients Fi§ and F can be determined from the effective mass to mass ratio

my/me =1+ F)/3
and from the compressibility ratio

1+ F;
B P B0
X /x 1+ F?/3

where x° and y are the compressibilities of the free and the correlated electron gas,

resp.
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A further possibility relies in the application of the scattering theory [42], where

dE/dz = nvpvmeoq, (27a)

with n density of the electron gas, and o4, transport cross section. Then, again

4etm? ;
dE/dz = — SR’ C(x*)v (270)
and
1 o ) ,
C(k?) = = !Z;(z + 1)sin®[61(Er) — 6141(EF))] (28)

where §;’s are the phase shifts of the outgoing wave scattered on a screened proton
(see details in [43]). We shall come back to the choice of the potential later. In a first
Born approximation (v << vp, and so k* << 1 or equivalently r, << 1), applying a
Yukawa type potential with a screening factor 2\/.‘c_2/7r, the result for C'(x?) is identical to
Eq.23a. The main point in scattering theory is not only how accurately one can calculate
the phase shifts, but how consistently a potential can be determined. Using a model
potential beyond the Thomas-Fermi model, e.g., a Hartree-Fock approximation fulfilling
the compressibility rules, unexpected electronic losses are resulted for high r, values, and
especially around r, = 6 (k2 = 1), which is the stability limit of the jellium electron gas in
this approximation. Some points of scattering theory will be discussed later in this point.

Integrating Eq.14 along the trajectory we can obtain an energy loss function, that

depends on impact parameter and initial energy

R: —+
e(p, Ey) = —2K / C(r)i()dr (29)

where rg is the apsis of the trajectory. These functions have been shown to increase
with increasing primary energy and have a local maximum as a function of impact param-
eter as expected from experiments [44] and theory [10,45]. By integrating over all impact

parameters we obtain the stopping power as
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Re
S =or f por i, Bl (30)
0

It has been checked by the Moruzzi-Janak-Williams atomic electron density model
[46], whether the obtained stopping powers are sensitive on the applied solid state electron
density or not [28]. The averaging over radius and impact parameter seems to be sufficient
to smear out small density fluctuations. From this standpoint it looks like less sophisticated
atomic electron densities would also give comparable results.

8) In the so called volume averaged electronic loss model [28] the procedure is similar
to that described before. The basic difference is, that we do not assume a curved, but a
straight line trajectory of the proton in the field of the target atom, i.e., we exchange the

order of integration over r (Eq.18) and p (Eq.19). Then the integral is simplified to

R,
S = —4nKUCf r2C(r)dr (31)
0

where v, is a constant velocity.

Leaving earlier theories alone, the most recent theory for the description of electronic
stopping is based on a binary encounter approximation (BEA) [47]. The electronic stopping
in this approach is proportional to the transport cross section at a mean, relative velocity
of the colliding particles (electrons and the heavy atom). For a spherically symmetrical
scattering potential, the transport cross section can be expressed in terms of phase shifts
at the Fermi level. The parameter of a one-parameter potential can be selfconsistently
calculated by using the Friedel sum rule [48] at the static limit. Typical model potentials
are the Yukawa and the Hulthen types. For non-linear screening effects [18,49], one needs
a first principles theory, that provides full selfconsistency. Such is the density functional
theory (DF) [50]. Linear response theory [20,51] deals with a frozen point charge as
an intruder. Density functional theory regards the projectile with a bound electron. The
principal question is still the charge state of the projectile. Can a proton in an experimental
situation bind an electron? Can this bound state be populated? For a first approximation,
we can take the binding energy for real metals in the order of 1072 - 10~2 eV [52]. The
probability that a “H-atom” remains in ground state supposing the validity of the “sudden”

picture, if the proton moves with a speed of v is [53]



= g =

2
mpv

9
(1+.25 E,

)™t << 1 (32)

if E} is the binding energy, m, the mass of the proton. The development of a bound
state is therefore questionable (as discussed in [54]). Density functional theory uses the
Friedel sum rule at the Fermi energy, although there is a finite probability for electrons
possessing an energy exceeding the Fermi energy in an interacting, degenerate electron
gas, where the self-energy and the vertex corrections partially cancel according to Wick’s
theorem (see details in [55]). For velocities close to the Fermi velocity, DF has no more
existence theorem for velocity-dependent (dynamic) processes. (We implicitly always use
the steady-state ‘outgoing scattering wave’ approximation.) At these energies we are left
alone with linear response theory of an homogeneous electron gas. If we accept that a
hydrogen atom moves always as a bare nucleus in a solid, then a reason for using the
effective charge theory [8] can be elaborated.

Since some of the measurements have been carried out on compound targets we should
mention Bragg’s rule [56], that applies perfectly for higher energies and fails in the lower

regime. It states

S(xmyn) = mSz +nSy (33a)

which is a simple superposition rule for a compound of m/(m + n) atomic fraction of
component z and n/(m + n) of kind y. An alloy may be well described by the individual
stopping powers of the constitutents, but molecules of such composition will probably
exert very different electronic damping forces due to molecular binding effects. A more
sophisticated formula for the summation has also been proposed [57] without curing the

disadvantage of Eq.33a, namely its linearity

1

S(zmiyn) = (mw,S; + nw,Sy) (33b)

)
ITml¥n

This is more like a weighted average, where w’s are molecular and atomic weights.



Experiments

A class of electronic stopping measurements is based on calorimetric principles, such
as those available in the Andersen-Ziegler tables [5]. Some of the experiments were trans-
mission through foils. In the low energy region these are basicly [2,58-63). Channeling
transmission helps to prevent effects due to nuclear collisions. Low energy transmission
through metal foils have been done only once [64]. Scattering along surface channels with
helium ions has also been executed [65]. Indirect data can be deduced from secondary
kinetic electron emission studies [66], since under certain circumstances the yield is known
to be proportional to the electronic stopping. Some measurements have been carried out
by means of RBS [67].

Focusing on channeling experiments, we should mention some technical problems oc-
curing in the measurements or later, in the evaluation of the raw data. Sources of dis-
crepancies are the original surface roughness, surface contamination, target texture in-
homogeneities, inhomogeneous mass distribution, uneven foil thickness, sputter thinning,
inaccuracies in the thickness determination [68]. A problem with the evaluation arises,
when comparing results to those of theory. An ideal case for the measurement would be
z << A and in correlation to this (Ey — E;)/Ey << 1, where X is the mean free path
of the projectile, z the target thickness, Ey the initial, E; the most probable outcoming
energy. If these assumptions hold, then dE/dz ~ AE/Az = (Ey— E;)/z. Theory predicts
dEldz = KCVE. If we now compare our experimental and theoretical results in order to
find C, we must define E appropriately. If the experimental situation is close to perfect,
the mean energy can be either Ey or E;. If this is not the case, the following definitions
have been used in the literature [69,70,64,71,72], resp.

E = 5By + E(z)] (34a)

3 Ey/? — E(z)*/?

E=
S Ey/* — E(z)3/?

(34b)

E = 25[v/Eo + VE(z))? (34c)
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E = .125[E, + E(z)] (34d)

5_ (1= DIE@) - By

1/b i
s gt | (34¢)

with b the power of energy (Eq.5). Some of these definitions are fitted, and do not
result in correct asymptotical behaviour.

Most of the early single stopping power values have been included in the tables of
Andersen and Ziegler [5], and in the reviews of Brandt [73,74]. The following tables
compile some additional experimental data completed with some calculated predictions

(again energy in keV and stopping power in 107*® eV c¢m?/atom).

matter proton energy (eV) stopping power reference
Cu 4,000 6:22 [75] (calc.)
Ge 20,000 24.67 [75] (calc.)
Se 20,000 27.58 [75] (calc.)
Ag 16,000 20.0 [76]

Ag 20,000 22.89 [75] (calc.)
Pd 20,000 19.99 75] (calc.)
Sb 20,000 33.03 [75] (cale.)
Au 10,000 16.41 [75] (calc.)
Au 18,500 21.5 [76]

Bi 10,000 36.03 [75] (calc.)

Complete functional fits have been done in some cases on the basis of measured results
for low energies (below the Fermi velocity). Since these studies always wanted to clear up
deviations from the Lindhard formula, they presupposed an expression like Eq.5 even for
compound targets. The following table shows such fits including lower limits of the incident

energy (Ep). The upper limit always exceeds 25 keV.
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matter A eyt besst limitation (eV) reference
Be 6.76 0.44 Eq >8,000 [58]
c 3.3 0.4 Eo >10,000 [61]
C 3.193 0.45 Ey >4,000 [60]
Al 9.23 0.43 Eq >8,000 [58]
Al 4.8 0.4 Eo >12,000 [61]
Cu 13.4 0.39  E, >8,000 58]
Ag 19.1 0.41 E, >8,000 (58]
Au 21.4 0.38 Ey >8,000 [58]
Au 6.065 0.45 Eo >20,000 [59]
Au 6.71 0.5 E, >10,000 [57]
Au 1.7 0.87  Eg >12,000 62)
Sc03*  3.11 0.5 Eo >10,000 57]
Er,O5%* 3.06 0.5 Ey >10,000 [57]
A0 4.3 0.45 E; >6,000 (60]

where in the cases marked by *, dE/dr values have been published. Conclusively, the
constant A.;p¢ is different from the others listed (it has an inherent dependence on the
target material, Eq.1). If we apply Bragg’s rule (Eq.33) for the partial stopping powers of
Al and O as obtained from Theory 7 (Eq.30), we arrive to

dE/dr = 0.163+/E,

In the range of 6 keV to 25 keV, the agreement with the measured function [60] is
between 24 % (for 6 keV) and 37 % (for 25 keV). Concerning Sc,05, we get

dE/dr = 0.079v/E,

which gives a discrepancy of 20 % from the measured function [57]. For Er;03, we
must borrow a stopping power value for Er from the Andersen-Ziegler tables [5] (between
10 keV and 25 keV), and get a 30 % disagreement with the reference [57].
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A direct verification of theoretical stopping powers can be achieved by taking the
most probable outcoming energies of projectiles into account. This is, i.e., a way out of
the problematical definition of the mean energy (Eq.33), which leads to contradictions in
the energy scaling of theoretical and experimental stopping (discussed in [34]). For the
comparison with transmission experiments, where the optimal conditions hold, namely
thin foil and channeling direction, a model may apply, where the projectile moves along a
straight line through the target foil represented by an electron gas only. Energy degradation
in penetration depth can then evaluated by either direct integration of an equation, like
Eq.27b, or by solving the newtonian equation of motion of the projectile in a medium, that

excerts a velocity proportional frictional force on it (studied in [77]). In this latter case,

mI = —yzT (35)

with 4 coeflicient of friction, that is proportional to the coefficient of the stopping
power (for Theory 1, v = 80me?aq f(Z)M /vg, Eq.1 and 4a). The advantage of this latter
method is that not only energy degradation, but the dynamic description of the motion
becomes possible. For the case of proton bombardment through gold foils, such a simple
model (including sometimes a rather complicated determination of the coefficient of the

stopping) gives the following results for the velocity degradation [77]

vz)=vo—K*» = (36)

where v(z) and v, are instantaneous and initial speed of the projectile, resp., and K
is equal to 7 for proton. Eq.(35) contains the assumptions of a linear trajectory and only
electronic stopping. The following table compiles ratios of the instantaneous to the initial
energy as measured and approached with Eq.(36). For the multicomponental targets a
superpositio of the stopping powers has been supposed. The agreement for single crys-
tal targets is good, nevertheless, for polycrystalline and amorphous materials it becomes
poorer with increasing thickness and decreasing initial energy. This is partly due to the
nuclear loss contributions, that play a significant role, if the projectile speed goes below
a limit in the target. The other reason is the linear path assumption, which causes a

sampling from shorter travelled pathlengths, than in reality.



Eo target foil E(z)/Eg

thickness (z) expt. (ref.) calc.
6 Au, single crystal [ 100] 620 0.44 [64,70] 0.41
18 Au, single crystal [ 100 ] 1200 0.32 [64,70] 0.36
4 Au, polycrystal 090 0.31 [64,70] 0.34
6 Au, polycrystal 590 0.33 [64,70] 0.43
8 Au, polycrystal 590 0.37 [64,70] 0.50
11 Au, polycrystal 590 0.49 [64,70] 0.56
12 Au, polycrystal 590 0.45 [64,70] 0.58
15 Au, polycrystal 590 0.48 [64,70] 0.61
17 Au, polycrystal 590 0.57 [64,70] 0.64
10 Au, polycrystal 150 0.83 [64,70] 0.87
10 Au, polycrystal 300 0.67 [64,70] 0.74
20 Au, polycrystal 150 0.88 [64,70] 0.91
20 Au, polycrystal 300 0.76 [64,70] 0.81
20 Au, polycrystal 500 0.63 [65,71] 0.70
5.8 Al, O3, amorphous 205 0.72 [60] 0.79
11.1 Al, O3, amorphous 205 0.80 [60] 0.85
16.2  Al, O3, amorphous 205 0.85 [60] 0.87
17.5  Al,Oj3, amorphous 205 0.86 [60] 0.87
91.4 Al 03, amorphous 205 0.87 [60] 0.89
6.0 Al, O3, amorphous 278 0.67 [60] 0.73
11.5  Al, O3, amorphous 278 0.74 [60] 0.80
16.8  Al, 04, amorphous | 278 0.79 [60] 0.83
17.5 Al; O3, amorphous 278 0.80 [60] 0.83
220 Al, O3, amorphous 278 0.82 [60] 0.85
12.0  Al,0Og3, amorphous 383 0.67 [60] 0.73
17.4  Al;Og, amorphous 383 0.72 [60] 0.78
17.5  Al,03, amorphous 383 0.73 [60] 0.78
22.7  Al,O,, amorphous 383 0.76 [60] 0.80
17.5  Al;Oj3, amorphous 536 0.63 [60] 0.70
23.9  Al,03, amorphous 536 0.67 [60] 0.74
184  Al, 04, amorphous 536 0.63 [60)] 0.70
20 Er; 03, amorphous 230 0.83 [57] 0.89
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If the newtonian equation of motion is completed by the nuclear energy loss contribu-
tion (in either a linearized way, which results in closed formulas, or full description implying
numerical evaluation), the energy ratios sink below the experimental values rather, than
exceeding them [77]. This is a clear indication against linear path models, which include
a nuclear energy loss from a quasi-continuous medium of nuclei. These two above mod-
els may still be assigned as single collision models, not because of the linear trajectory
(without collisions), but because of the evaluation of the coefficient of friction (Theory 7).

The way beyond the single collision approximation may be simulation: Monte Carlo
simulations of the binary collision of atomic particles [78], or molecular dynamic simulations
[79]. The coefficient of friction, that has been discussed in the previous section applies as
an input parameter for the single collisions and/or for the penetration of the particles
between elastic collisisons with nuclei. Monte Carlo studies show that the coefficient of
friction on protons in non-crystalline matter exceeds the predictions of linear theory by

about 50 % [49,77].




Remarks to the Tables

The following tables are compilations of electronic stopping power (more precisely
electronic stopping cross section) data of slow protons in different materials. Basicly, the
before mentioned theoretical values (Theory 1-4 and 6-8) are compared completed with
data from Theory 5, wherever fitting parameters were available. The data do not contain
any single experimental value for different reasons. First, the Andersen and Ziegler tables
[5] contain most of the data available at the time of publication. From that time on very
few more recent data have been published. These could be seen in the tables of the previous
section. Second, there are elements which have never been subjects of such investigations
for their unfavourable thermodynamical or mechanical, or both features. Andersen and
Ziegler [5] fitted curves to insufficient experimental data points completed by theoretical
results after linear response theory [51]. Third, the evaluation of the measured data as
well as the method of the experiment determine the stopping value. This fact is due to
circumstances that occur in experiments, but cannot be quantitatively described yet. A
recent study shows that the stopping values can easily be 50 % higher if the experiment
1s done on amorphous targets rather than single crystalline ones [49,77). The physical
unit of the data presented here is always 1071° eV cm?/atom, while energies are listed
in keV in the tables. The heading of the tables is divided into two parts, one containing
Target Data, such data, that are necessary for the correct interpretation of the tables, but
of common knowledge. The other part concerns Model Data, such intermediate values,
which are calculated for Theories 7 and 8, and of principial importance there. All these
data are given in physical units. Obviously enough, problems arise, when trying to find,
e.g., mass densities for such materials, which are either volatile at room temperature,
or have many different forms depending on the method (and result) of the production
technology. An example can be gallium, that is fluid at room temperature, therefore its
solid state mass density is hard to find out. (We keep in mind that the calculations have
been done assuming 0 K. Solid - vapour differences have been studied in [80].) Another
example is carbon, which has a mass density range from 1.3 g/cm?® (carbon/carbon fiber
composites) to 2.5 g/cm?® (pyrolitic graphite). The mass density influences the muffin-tin
radius of the solid state atom in Theory 7 and 8, thus changes the upper limit of the
integrations. This effect may be reflected in the results in comparison with data of other
models, which do not use the density. We must return to our point of N,sy, the number of

electrons participating in the volume plasmon excitation. This number is usually derived



O

from optically measured volume plasmon frequencies (fw,) [81,82]. Such experiments also
lack for a number of materials presented here. (In these cases, we used Fermi velocity
values of theories {74,83].) Even in the cases, where measurements have been carried out,
the discrepancy between data can be significant (e.g., 40 % for carbon). Of course N.y¢
enters the calculation of Theory 7 and 8, changes the one-electron radius of the target,
therefore the radius of the inner shell, the free atom electron density, the density correction,
and the stopping.

To be more concrete Theory 7 and 8 will likely fail, wherever the Gertner model [27]
results in an internal radius of an atom equal to the external radius (Li, B, C, N, Ne, Na,
Ar, K, Fe, Co, Br, Kr, Rb, Rh, In, I, Xe, Cs, Ba, La, Ce, Pr, Nd, Sm, Gd, Tb, Re, Os,
Hg, T1). However, the stopping cross section may still be accepted in some cases, where
the calculated internal potential at the radius of the atom is already close to the constant
(external) value (B, C, N, Fe, Co, Rh, In, Ce, Pr, Nd, Sm, Gd, Tb, Re, Os).

Some elements (H, He, Tc, Pm, Dy, Ho, Er, Tm, Yb, Lu, Hf, At, Rn, Fr and elements
heavier than U) have not been considered due to the lack of one or more parameters for
the calculation in Theory 7 and 8.

These models are not expected to apply for either alkaline or alkaline-earth elements
neither for semi-metals (Be, O, F, Mg, P, S, Cl, Ca, Se, Sr, Y, Te, Eu, Pb, Bi, Po, Ra,
Th).

The following relations have been used for the description of the parameters

I o (35a)
'U3 -
Co = 3—:2- (35b)
32
?_ _ a -
P = 4T 456)

and




3

1/3
iy ) (35d)

v |

where, r, is the one-electron radius, £2,, the density parameter of the homogeneous,

non-interacting electron gas, ¢y the density of the free electron gas and vy the Fermi
velocity.

In the high electron density limit (r, << 1) all theoretical results are expected to align,
since the Coulomb potential of the proton is indeed a small perturbation compared to the
high kinetic energy of the free electrons. For metallic electron densities (1.5% r5 € 2:5)
linear response theory completed with a dynamic local field correction gives similar results
as DF, and these data are well above those obtained in RPA. For r, >> 3 the results differ
to a great extent, and the electron gas is thought to undergo a phase transition to the

Wigner crystal phase [84].
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Tables

Electronic Stopping Power (Cross Section) of Proton in Elements

Matter Range: from Li to U (with exclusions)

Energy Range: from 1 to 25 keV

Theoretical Models (in order of appearence in the tables):

impact parameter dependent linear response (Theory 7)
volume averaged linear response (Theory 8)
Lindhard-Scharff (Theory 1)

Andersen-Ziegler (Theory 4)

Oen-Robinson (Theory 3)

Montenegro et al. (Theory 6)

Biersack et al. (Theory 5)

s 41 =
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